This communication describes and discusses the results obtained in studying central and )eripheral arterial pressure pulses in man by means of retrograde aortic catheterization. The pressure pulse transformation and pulse transmission in the aorticobrachial system are presented and compared with comparable tracings reported in the dog. Several normal subjects and patients with hypertension, aortic regurgitation and coarctation of the aorta were studied. The genesis of the central pulse contour in aortic regurgitation is reconsidered. The changes in central pulse pressure, produced by the Valsalva-like maneuver, and ventricular premature systoles have been investigated, especially in their relationship to cycle length, end-diastolic volume and peripheral resistance. The technic of obtaining pulse pressure recordings by retrograde aortic catheterization is recommended for determining the location, size and dynamic significance of coarctation of the aorta. As an additional study, aortic densograms and border electrokymograms from the aortic arch and left ventricular border were correlated with simultaneously recorded central aortic pressure tracings.
C ATHETERIZATION of the human aorta has been used recently for diagnostic purposes in retrograde angiocardiography." 2 This experience prompted the study of cardiovascular hemodynamics by means of retrograde catheterization of the human aorta, a field which has been little explored. This report deals with some preliminary observations on the contour, transmission rate and transformation of the central aortic pressure pulse. As part of this investigation the central pressure pulse was correlated with the simultaneously recorded electrokymogram of the aorta.
METHODS AND PROCEDURE
Simultaneous aortic catheterization and electrokymography were performed in patients for whom the information so gained was thought to be diag- This study was aided by a grant from the National Heart Institute (H 218C). During the study A.H.S. was Herbert G. Mayer Fellow and G.R.G. was Postdoctorate Fellow, National Heart Institute. 510 nostically important. They are listed in table 1 with their final clinical diagnosis: cases 2 and 3 were shown later not to have cardiovascular disease. 1 . Aortic Catheterization. The brachial artery w-as identified just above the antecubital fossa; the skin overlying it was prepared in the usual fashion for sterile surgery and was anesthetized locally. Through a small transverse skin incision, the brachial artery and vein were identified and exposed by incising the lacertus fibrosus. The vessels were separated and two temporary No. 1 black silk loop ligatures placed around the artery about 1 cm. apart in such a manner that when the loose ends were elevated, the vessel was temporarily occluded. A test occlusion of the artery was then performed and signs of ischemia sought for peripherally. A longitudinal incision approximately 2 mm. in length was then made in the artery between the taut ligatures and a No. [4] [5] [6] French catheter was inserted into this open- ing. Hemostasis was completely maintained by means of the ligatures on the artery. Once in place the ligatures could be loosened, the artery sealing off the opening around the catheter. The catheter was then passed under constant fluoroscopic control into the arch of the aorta, its tip being oriented in a caudal direction. After withdrawal of the catheter at the end of the observations the incision was repaired, with the stay ligatures secure, using No. 00000 arterial silk as a simple, full thickness, con-
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hemostasis. The stay ligatures were then removed and the skin closed. Penicillin was given over a 48 hour period postoperatively.
It was noted that the catheter passed mole readily into the aorta when the left brachial artery was used. Following the procedure the radial pulse was permanently abolished in one case, moderately reduced in two, and only slightly ieduced in the remaining four; in none of these cases was there any evidence of impaired circulation to the extremity. None of the seven cases exhibited any type of cardiac arrhythmia during the procedure, nor were there any untoward reactions. figure 1 , is essentially similar to that in the dog,10 showing the three fundamental changes of gradient (at points 3, 4, 5). By analogy with the pulse curves in the dog, the small vibrations 1 and 2 may be considered to be due to the contracting auricles and the bulging of the aortic valves respectively. In support of this genesis of vibration 1 may be cited its constant relationship, * Sanborn Company. t The pressure levels obtained in these cases are given in table 1. whenever it appears, to the end of the P wave. Vibration 2, approximately 0.03 second in duration, is rather constant in appearance and immediately precedes the onset of the anacrotic limb. The deformation of the pulse contour at point 6 is probably the reflected dicrotic wave, and the form of the summit (point 4) may be due to a reflected wave superimposed uponi the fundamental form.
In arterial hypertension, the characteristic contour seen is similar to that which occurs in the dog, with a high resistance systemic arterial circuit." Figure 2A is tively mild hypertensive patient (case 6). Compared to the normotensive pulse contour it shows: (1) a much earlier change in gradient of the anacrotic limb; (2) a diminished plateau duration at the summit; (3) a more rapid collapse following the systolic peak; and (4) a steeper gradient in early diastole. These deviations from the normal contour vary directly with the elevation in blood pressure in the two cases of hypertension studied.
In the patient with aortic regurgitation (case 7), when the central pressure pulse was recorded from the arch of the aorta ( fig. 2B) 
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Wiggers"1 has explained the rapid systolic collapse in aortic regurgitation as the consequence of a redistribution of ejection so that most of the blood is discharged during the first half of the ejection phase. In addition, he has emphasized that the high systolic pressure reached at the peak contributes to the sharp drop. In our patient, the almost identical, though miniature, contour of the pulse curve recorded in the ventricular premature systole ( fig. 2B ) is difficulfft to explain on the above basis, since it resembles the contour of the sinus beats closely. The anacrotic limb is less steep, the pulse pressute smaller, the systolic peak level lower, and it does not clearly show the anacrotic notch described (point 1, fig. 3 ). But the systolic (point 3, fig. 2B ) and early diastolic collapse segments show a striking similarity to the corresponding portion of the sinus beat, with only slight differences in gradient. Since the absolute level of blood pressure and the initial ventricular volume (and hence the rate of ejection) of the premature contraction are decidely less than the sinus beat, and yet the rapid collapse occurs, factors other than, or in addition to, those postulated by Wiggers (in the animal) must be operative in its genesis.
When recordings were made in a patient with a coarctation of the aorta of mild degree (case 5, figs. 3A and 3B), several changes occurred in the form of the aortic pressure pulse Loth above and below the region of coarctation. Above the coarcted area, the pulse contour shows only minor changes from the normal which are probably due to hypertension. (Other effects of coarctation on the pulse contour which might Ve expected are absent, probably because of the mild degree of the stenosis.) Just beyond the area of coarctation the changes in pulse form (compare fig. 3R with fig. 3A ) consist of: (1) a decidedly les § steep anacrotic limb rising protractedly to a late summit; (2) a distinct vibration appearing less than halfway up the anacrotic limb; (3) coarse systolic vibrations of rather low frequency (about 50 per second) on and at the summit of the curve; (4) a slight diminution of the pulse pressure, the systolic pressure falling more than the diastolic. These alterations in the pressure pulse are similar to those seen beyond the stenosis in dogs in whom the aorta was narrowed just above the aortic ring.'3' 14 In these animal experiments the more marked the degree of stenosis, the sooner vibration 1 ( fig. 3B ) appeared on the anacrotic limb, the more reduced was the anacrotic gradient preceding the vibration, the smaller were the vibrations at the summit, and the more marked the systolic pressure drop, the diastolic level remaining essentially unchanged. Judging by these criteria, the contour of the poststenotic pressure pulse indicates a narrowing of mild degree, a circumstance suspected on clinical grounds. The onset of the anacrotic limb of the poststenotic pulse curve precedes that recorded proximally by about 0.03 second. The pressure rise immediately following anacrotic halt coincides with the steep rise of the anacrotic limb of the prestenotic pressure pulse (as it is propagated peripherally). The mechanism responsible for the apparent accelerated onset of the poststenotic pulse wave is obscure, but may be related to the collateral circulation which enters below the stenosis. cardiogram, in case 6, the record of the pulse wave ( fig. 5 ) illustrates several unusual circumstances: (1) mechanical evidence of the premature contraction is absent in the central pulse (see also fig. 6); (2) the ejection phase of the beat following the compensatory pause (that is, after a mechanical cycle length of 0.80 second) is almost identical with that of the normal cycle of 0.40 second (see below); (3) the systolic pressures during and the diastolic pressures at the end of the beats are almost identical whether the beat follows a double or a single cycle interval; (4) the dicrotic limb declines very gradually and continuously during the long pause, until the next mechanical systole. Unfortunately information about the ejection of the right side of the heart during the "dropped" mechanical beat of the left side is not available. 4 ceding diastole. This last seems to hold true for the human heart also, at least on occasion (see fig. 7 ), inasmuch as the ejection phase is of the same duration during the normal cycle as it is following the compensatory pause during which the mechanical cycle is equal to twice the normal duration.
From the records of the Valsalva experiments it is seen that the length of the ejection phase varies directly with the height of the blood pressure. Though seemingly at variance with the experimental data in animals, it is explained by the fact that the blood pressure changes are determined by the filling of the left heart. Thus the reduced filling of the left heart causes a drop in blood pressure and at B. Transmission of the Central Pulse to the Periphery The transmission time and velocity have been extensively investigated with volume pulses'9122 and it has been found that the arterial pulse wave velocity varies directly with the rigidity of the arterial wall, traveling more slowly in progressing from the central (elastic) vessels to the peripheral (muscular) arteries. It also varies directly with the intravascular pressure and the degree of smooth muscle contractions of its wall."' However, data on pulse velocity in man from the aorta peripherally have been lacking. *
Using the peak of the R wave of the electrocardiogram, measuring its distance from the rise of the anacrotic limb of the corresponding pressure pulse centrally and peripherally and dividing their difference by the distance measured with the indwelling catheter, the pulse velocity was calculated in three patients.* Table 2 gives the values obtained. The speeds found confirm the striking difference in pulse wave velocity in the central as contrasted with the peripheral blood vessels. Planimetry shows no significant change in mean pressure between the central and peripheral pulses in cases 3 and 5. In case 7, the central aortic and brachial artery pressure measurements (about 30 seconds apart) were quite different and there had been a marked reduction in mean pressure also; apparently a partial occlusion of the catheter had occurred in the interval.
C. Transformation of the Central Pressuire Pulse
This has been extensively studied in the dogll,11' 21 ever since Otto Frank developed an adequate manometer with which he could give conclusive evidence for discrepancies in pulse form in different portions of the arterial tree. 23 We had occasion to observe the transformation of the intravascularly recorded central aortic pulse in the transmission to the brachial artery in four adult men. Figure 6 shows pressure pulse curves recorded from the arch of the aorta, the axillary artery and the brachial artery within 15 seconds of each other in a normal young adult, superimposed to utilize the same time and pressure scales. The surface areas of each of these curves are practically identical. In figure 7A, B the same individual in the same areas at another time at a slower speed. The following changes are seen: (1) the onset of the anacrotic limb occurs later as the pulse is transmitted peripherally; (2) starting somewhere in the axillary artery, the systolic pressure becomes progressively higher; (3) the anacrotic gradient change gradually disappears along its transmission in the axillary artery, until the anacrotic limb rises smoothly and more steeply to the systolic peak; (4) beyond the first recorded position in the aortic arch, all systolic peaks occui at the same time in relationship to the peak of the R, wave of the electrocardiogram (preced- ing the centrally recorded systolic peak); (5) the incisura, prominent centrally, is gradually lost and is replaced by a diastolic dip ending in the dicrotic notch and followed by a dicrotic wave. Both the dicrotic notch and wave become most pronounced peripherally. In the one case of coaretation of the aorta ( fig. 7D , E and F) the fundamental central form of the pulse is essentially unaltered in its transmission peripherally (lown the blood vessels of the upper limb.
In considering the transformation of the pulse it would seem that the observation of Hamilton and Dow24 about the existence of a standing w-ave in the aorticofemoral system of ' ' ' | -! 4 ' § ' -t 4 --* s * i t t . { * -_ * i * * _ t .
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* i I , I * * q -I I 1 h * I s * * i l * E the dog also applies essentially to the aorticobrachial system of man, with its node somewvhere in the axillary artery. No effort has been made to utilize the subtraction curve to evaluate the distortion factor in addition to the standing wave, as recently described by Alexander 2. That this may contribute significantly to a keener insight into human cardiodynamics in health and disease was first suggested from the voluminous data comparably collected in the animal.
3. The procedure, performed by a well trained team, is no more hazardous than right heart catheterization. Complications such as cardiac arrhythmias and pain were not encountered in any of the seven cases in the present series. With careful arterial suturing and adequate sterile precautions little difficulty in preserving the radial pulse is encountered. 4 . The contour of the aortic pressure pulse in normal man and in patients with hypertension, aortic regurgitation and coarctation of the aorta resemble closely comparable tracings reported in the dog. The genesis of the central pulse contour in aortic regurgitation is reconsidered.
5. The effects of cycle length, initial volume and peripheral resistance in man, especially in the presence of ventricular premature systoles and of the Valsalva maneuver, are discussed on the basis of recorded central pressure pulses.
6. The determination of the location, size, and dynamic significance of coarctation of the aorta with this technic is advocated. 7 . The pulse wave transmission velocity is measured in various parts of the aorticobrachial system and the transformation of the central pulse contour along this path is described and compared with data established from animal experiments. 
